Since chromosomal instability (CIN) is a hallmark of most cancer cells, it is essential to identify genes whose alteration results into this genetic instability. Using a yeast CIN indicator strain, we show that inactivation of the YMR131c/RRB1 gene, which is involved in early ribosome assembly and whose expression is induced when the spindle checkpoint is activated, alters chromosome segregation and blocks mitosis at the metaphase/anaphase transition. We demonstrate that RRB1 interacts with YPH1 (yeast pescadillo homologue 1) and other members of the Yph1 complex, RPL3, ERB1 and ORC6, involved in ribosome biogenesis and DNA replication. Transient depletion of the human homologues GRWD, Pescadillo, Rpl3, Bop1 and Orc6L resulted in an increase of abnormal mitoses with appearance of binucleate or hyperploid cells, of cells with multipolar spindles and of aberrant metaphase plates. If deregulation of proteins involved in ribosome biogenesis, commonly observed in malignant tumors, could contribute to cancer through an aberrant protein synthesis, our study demonstrates that alteration of proteins linking ribosome biogenesis and DNA replication may directly cause CIN.
Introduction
Most malignant cells present abnormalities of the structure and/or number of chromosomes. Such a chromosomal instability (CIN) contributes to malignant transformation and tumoral progression by promoting oncogene activation, or tumor suppressor gene inactivation . CIN being specific of cancerous cells, the characterization of its molecular bases should allow the identification of new biological targets of therapeutic interest. Many genes involved in centrosome duplication, mitotic spindle positioning, spindle checkpoint, control of sister chromatid separation and cytokinesis have recently been identified (Sen, 2000) ; deregulation of these genes, such as BUB1 (Cahill et al., 1998) , DNA polymerase b (Bergoglio et al., 2002) , CDC14A (Mailand et al., 2002) and ORC6L (Prasanth et al., 2002) , has been shown to alter chromosomal segregation in experimental models and could therefore contribute to aneuploidy observed in tumors. Malignant tumors with a CIN phenotype generally exhibit an alteration of the mitotic spindle checkpoint (Cahill et al., 1998) , which controls the correct attachment of chromosomes to microtubules and the separation of sister chromatids during the metaphase/anaphase transition (Amon, 1999) . Nevertheless, somatic mutations of the genes involved in the spindle checkpoint, such as hBUB1 or hMAD1, are rarely found in aneuploid tumors (Cahill et al., 1998; Nomoto et al., 1999; Hernando et al., 2001) .
In order to identify genes whose inactivation induces CIN, we used data from the yeast spindle checkpoint transcriptome determined by the Serial Analysis of Gene Expression (SAGE) method. We selected candidate genes potentially involved in the spindle checkpoint control on the basis on their increased expression after treatment of cells with nocodazole, a microtubuledestabilizing agent. One of these genes was YMR131c, subsequently termed RRB1 (Iouk et al., 2001) , whose expression is increased up to sixfold (as measured by the tag numbers found by SAGE) after exposure to nocodazole. RRB1 encodes a WD-repeat nucleolar protein involved in ribosome biogenesis (Iouk et al., 2001; Schaper et al., 2001) . Here, we show that RRB1 interacts with YPH1, RPL3, and ERB1 also involved in ribosome biogenesis and with ORC6, controlling chromosomal replication and segregation, and we demonstrate that inactivation of this pathway induces CIN.
Results

RRB1 is an essential gene involved in chromosome segregation
Deletion of the YMR131c/RRB1 ORF in the yeast YPH501 diploid strain and tetrad dissection revealed that RRB1 is an essential gene. We therefore generated a temperature-sensitive allele (rrb1-1) by PCR-based mutagenesis and introduced it into the rrb1D mutant strain. The temperature-sensitive rrb1-1 mutant strain was able to grow on complete medium at a permissive temperature (251C), but not at a nonpermissive temperature (371C) (data not shown). The effect of RRB1 inactivation on chromosomal segregation was assessed using the visual sectoring assay (Koshland and Hieter, 1987) . Cells of the rrb1-1 mutant CIN indicator strain showed 3% sectoring colonies at 251C, and 25% sectoring colonies at semipermissive temperature (321C), whereas cells of the wild-type CIN indicator strain showed a maximum of 1% sectoring colonies at both temperatures (Figure 1 ). This result indicates that partial RRB1 inactivation alters chromosomal segregation.
RRB1 inactivation blocks the metaphase/anaphase transition
Flow cytometry analysis indicated that, at 371C, rrb1-1 mutant cells arrested in G2 phase, compared to the wildtype strain (Figure 2a ). Cell morphology analysis showed that most cells had a large bud with the nucleus at the neck and a short spindle corresponding to a metaphase/anaphase transition delay (Figure 2b, c) , which confirms the flow cytometry results and demonstrates that RRB1 inactivation blocks the metaphase/ anaphase transition.
Screening for rrb1-1 mutant suppressors
In order to characterize genetic suppressors of the rrb1-1 mutant, we screened a yeast genomic library cloned into a 2mm plasmid replicating at 60 copies per cell.
Purification of plasmids from temperature-resistant colonies able to grow at 371C revealed that the RPL3 gene, which encodes a ribosomal protein, suppressed the temperature sensitivity of the rrb1-1 mutant strain at nonpermissive temperature (Figure 3 ). Interestingly, Rpl3p had previously been shown to physically interact with Rrb1p (Iouk et al., 2001) . Figure 3 RPL3 genetically interacts with RRB1. Overexpression of RPL3 rescues the temperature sensitivity of rrb1-1 mutant strain. Serial dilutions of wild-type, rrb1-1 mutant and RPL3-overexpressing rrb1-1 mutant strains were spotted onto SD-leucinetryptophan plates. Plates were incubated for 6 days at 371C (nonpermissive temperature)
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Characterization of the RRB1 pathway
In yeast, Rpl3p has recently been detected in the yeast pescadillo homolog 1 (Yph1) complex, which includes proteins involved in ribosome biogenesis and DNA replication, such as Erb1 and Orc6 proteins (Du and Stillman, 2002) . Therefore, we performed coimmunoprecipitation assays from yeast lysates expressing HAtagged Yph1 and Myc-tagged Rrb1 proteins and we detected a physical interaction between these two proteins, especially when cells were treated with nocodazole ( Figure 4a ). Furthermore, we found that ERB1 and ORC6 are high copy suppressors of the rrb1-1 mutant strain (Figure 4b ), indicating that these genes genetically interact with RRB1. As expected, we found that inactivation of YPH1 in a CIN indicator strain, derived from the yph1-45 mutant strain (Kinoshita et al., 2001) , dramatically alters chromosomal segregation (data not shown).
Inactivation of the human homologues of the Rrb1 protein and its partners alters chromosomal segregation
The yeast Rrb1 protein displays 61% amino-acid sequence identity/similarity with the human glutamaterich WD-repeat protein GRWD ( Figure 5 ), and the predicted secondary structures (Combet et al., 2000) of both proteins exhibit 49% of homology. Since yeast Rrb1p has been shown to be present ubiquitously in the nucleus but mostly in the nucleolus, the site of ribosome biogenesis, and has been shown to shuttle between the nucleus and the cytoplasm (Iouk et al., 2001) , we studied the subcellular localization of the GRWD protein in human cells by cloning an EGFP nucleotide sequence upstream the GRWD coding region. In interphasic cells, the fusion protein was detectable mostly in the nucleus and in some cells in the nucleolus, as confirmed by double labeling with an anti-nucleolin antibody, whereas in mitotic cells it was detectable also in the cytoplasm (data not shown). To investigate the involvement of the GRWD protein in the regulation of chromosome segregation, we used the knockdown technology based on small interfering RNA (siRNA) (Elbashir et al., 2002) . Transfection of siRNAs targeted against GRWD into DLD-1 cells had a dramatic effect on chromosomal segregation. We observed figures similar to those seen with siRNA targeted against ORC6L ( rescues the temperature sensitivity of rrb1-1 mutant strain. Serial dilutions of wild-type, rrb1-1 mutant and ERB1 overexpressing rrb1-1 mutant or ORC6 overexpressing rrb1-1 mutant strains were spotted onto SD-leucine-tryptophan plates. Plates were incubated for 6 days at 371C (nonpermissive temperature) Figure 5 Protein sequence alignment using the ClustalW program (Combet et al., 2000) of human GRWD and Saccharomyces cerevisiae Rrb1 proteins. Black boxes show amino-acid identities and shaded boxes indicate the conservative changes. Acidic domains, conserved and putative WD-repeat domains, determined by the Prosite program (Sigrist et al., 2002) , are indicated by a double box, by single boxes and by dotted boxes, respectively. The SwissProt accession numbers of GRWD and Rrb1 proteins are, Q9BQ67 and Q04225, respectively
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Yeast Rrb1 partners, Rpl3, Yph1 and Erb1, and their human homologues, Rpl3, Pescadillo and Bop1, respectively, display 89, 69, 70% amino-acid sequence identity/ similarity. Treatment of DLD-1 cells, using siRNA targeted against the corresponding genes, also significantly increased the percentage of abnormal mitoses ( Figure 6A) , with pictures similar to those observed with GRWD siRNA. The specificity of the siRNA knockdown was checked by Western blot analysis using Pescadillo and actin antibodies (data not shown).
Discussion
This study demonstrates for the first time a link between ribosome biogenesis and chromosomal segregation. First, we showed that inactivation of the yeast RRB1 gene, controlling the assembly of 60S ribosomal subunits (Iouk et al., 2001; Schaper et al., 2001 ) and the transcription of several ribosomal protein genes (Iouk et al., 2001) , blocks mitosis at the metaphase/ anaphase transition. Second, we demonstrated that RRB1 interacts with YPH1 and other member of the pescadillo complex, RPL3, ERB1 and ORC6. The fact that ORC6, a key protein in DNA replication, physically and genetically interacts with YPH1 and RRB1 (Du and Stillman, 2002 ; this study) strongly suggests a link between DNA replication and ribosome biogenesis. Interestingly, YPH1, like RRB1, is differentially expressed in response to nocodazole treatment (Velculescu et al., 1997) , is involved in ribosome biogenesis (Lerch-Gaggl et al., 2002) and is essential for a proper metaphase/anaphase transition (Kinoshita et al., 2001 ) and chromosomal segregation. Third, we showed that transient depletion of their human homologues GRWD, Rpl3, Pescadillo and Bop1 increases the percentage of abnormal mitoses, as already observed for Orc6L protein (Prasanth et al., 2002) . The analysis of the human nucleolus proteome recently demonstrated that GRWD, Pescadillo and Bop1 are present in the nucleolus, the cellular site of ribosome biogenesis (Scherl et al., 2002) and we confirmed the former localization of GRWD by immunocytochemistry. Furthermore, the involvement of Pescadillo and Bop1 in ribosome biogenesis has been documented clearly in mammalian cells (Strezoska et al., 2000; Lerch-Gaggl et al., 2002) .
Many studies have shown that ribosome biogenesis is altered in cancer cells and suggested that this alteration could be oncogenic (Ruggero and Pandolfi, 2003) : (i) ribosomal proteins are commonly overexpressed in primary tumors; (ii) tumor suppressor proteins, such as RB and TP53, downregulate, via the UBF transcription factor, the RNA polymerase I which transcribes rRNA as opposed to oncogenes, such as N-Myc, which increase expression of genes involved in ribosome biogenesis; (iii) germline mutations of the RPS19 and DKC1 genes involved in ribosome biogenesis have recently been shown to result in cancer susceptibility syndromes, Diamond-Blackfan anaemia (Draptchinskaia et al., 1999) and dyskeratosis congenita (Heiss et al., 1998) , respectively; interestingly, the latter is considered a chromosomal instability disorder (Dokal and Luzzatto, 1994) . More recently, the CDKN2A-encoded tumor suppressor p14 ARF protein has been shown to inhibit ribosomal RNA processing (Sugimoto et al., 2003) and to mediate the degradation of B23, a nuclear protein involved in ribosome biogenesis and cell proliferation (Itahana et al., 2003) .
In conclusion, our results suggest that the RRB1-YPH1 pathway could be one of the molecular links between ribosome biogenesis, DNA replication and chromosome segregation, and that alteration of proteins involved in ribosome biogenesis may be considered a new potential mechanism for CIN observed in malignant tumors.
Materials and methods
Yeast strains
To generate the RRB1 deletion strain (rrb1D), a PCR-mediated gene disruption method (Lorenz et al., 1995) was used in the diploid yeast strain YPH501 (Mata/Mata ura3-52/ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 his3-D200/his3-D200 trp1-D63/trp1-D63 leu2-D1/leu2-D1). Temperature-sensitive allele was obtained using a PCR-mediated procedure (Connelly and Hieter, 1996) and introduced into rrb1D strain to generate rrb1-1 mutant strain (Mata ura3-52 lys2-801 ade2-101 his3-D200 trp1-D63 leu2-D1 rrb1D1HHIS3 pRS315-rrb1-1). The wild-type and rrb1-1 CIN strains were generated by introducing the chromosomal fragment CFIII URA3 SUP11 (Koshland and Hieter, 1987) into the YPH499 strain (Mata ura3-52 lys2-801 ade2-101 his3-D200 trp1-D63 leu2-D1) and the rrb1-1 mutant strain, respectively. Yeast transformation was performed according to the method described by Ito et al. (1983) .
Plasmid construction
The ERB1 and ORC6 genes were PCR-amplified from yeast genomic DNA and cloned into the 2 mm pRS424 plasmid (Mumberg et al., 1994) to generate pErb1 and pOrc6 plasmids. The 2 mm pMyc-Erb1 and pMyc-Rrb1 plasmids, expressing Myc-tagged fusion proteins Erb1 and Rrb1 under the transcriptional control of the ADH1 promoter, were generated using homologous recombination. The full-length human GRWD EST (Genbank accession number BG741463) was cloned into the pEGFP-C1 vector (Clontech, Palo Alto, CA, USA) to generate the enhanced green fluorescent protein (EGFP)-GRWD fusion protein.
Epitope tagging and coimmunoprecipitation
Yeast expressing HA-tagged Yph1p at the C terminus was generated from the YPH499 strain according to Longtine et al. (1998) and transformed with the pMyc-Erb1 and pMyc-Rrb1 plasmids. Cells grown to log phase were incubated 120 min with 15 mg/ml of nocodazole. Lysates and immunoprecipitations were then performed as previously described (Tyers et al., 1992) .
High copy suppression
The 2 mm yeast genomic library used for the suppression screening was described previously (Connelly and Hieter, 1996) . Approximately, 10 4 independent transformants were screened at nonpermissive temperature (371C) in the rrb1-1 mutant strain.
Flow cytometry and yeast cell morphology analysis
Cells growing in logarithmic phase at 251C were incubated at 371C for 3 h and subjected to DNA content analysis by flow cytometry (FACS Calibur) (Gerring et al., 1990) . Bud morphology was studied on a fluorescent microscope (Zeiss, Le Pecq, France) after staining the nucleus with 4 0 ,6-diamidino-2-phenylindol (DAPI) and tubulin with anti-tubulin antibody (MAS078, 1 : 50; Harlan Sera-Lab, Loughborough, UK).
siRNA Six 21-nt double-stranded RNAs were synthesized by Dharmacon Research Inc. (Lafayette, CO, USA): the targeting sequences for the human GRWD, Pescadillo, Bop1 and Rpl3 cDNAs were, respectively: 5 0 -AAC CGA GTT CGG GTG TCA TGG-3 0 ; 5 0 -AAG GAA CGG TAT CCC ACG TTC-3 0 , 5 0 -AAC CCC TAT GAG CCG GCT GTC-3 0 , 5 0 -AAG TCA TCC GTG TCA TTG CCC-3 0 ; the 6.17 siRNA targeting ORC6 (Prasanth et al., 2002) and GL3 luciferase siRNA were used as positive and negative controls, respectively.
Human cell culture and transfection
The human DLD-1 cell line, derived from a colorectal adenocarcinoma (ATCC xCCL-21), was routinely maintained at 371C in 5% CO 2 in RPMI medium (Invitrogen, San Diego, CA, USA), supplemented with 10% fetal bovine serum. DLD-1 cells were transiently transfected onto glass coverslips in 35-mm dishes, with 1 mg EGFP-GRWD DNA using the lipofectin reagent (Invitrogen) or with 0.32 mg siRNAs, using lipofectamine 2000 (Invitrogen).
